Digitalis purpurea was studied as a representative of a plant species with subatlantic geographical distribution in Central Germany with the objective of identifying the underlying climatic causes of the species' eastern distribution boundary. A transplantation experiment with 1-year-old plants and seeds was performed along a ca. 100 km west-east transect across the regional distribution boundary in northwest Thuringia and along an altitudinal transect from 380 m to 1130 m a.s.l. in the Harz Mountains. Continuous measurements of air temperatures below rosette leaves confirmed a clear gradient of increasing mean temperatures with decreasing elevation and, with the exception of one field site, from west to east. Biometrical measurements of the transplants and the survival rate of seedlings generally matched the temperature gradients. Photosynthesis measurements along the elevational transect showed that differences in growth between altitudes were reflected in differences of temperature optima of net assimilation. Seedling mortality was highest in winter at the highest and at the easternmost plot. Although this should be a clear indication of frost sensitivity, there was no satisfactory correlation with absolute minimum temperatures below the rosettes, which exhibited a range between -4.1°C and -9.2°C. Frost tolerance experiments were carried out in a freeze chamber at the end of the winter. Significant damage to leaves was found at -12°C or below; whereas the threshold for buds and roots was -15°C and -18°C, respectively. Although frost events of this magnitude were not observed below the rosettes during the period of investigation, mainly because of snow cover, they occur regularly in the study area. In addition to the winter conditions, summer drought was found to have a strong influence on growth of adult plants at the eastern sites. This was confirmed by a manipulative experiment with additional watering. Transpiration experiments also showed a strong water deficit in unwatered plants in the east. The general conclusion from the study is that frost events in winter, which mainly affect the survival of seedlings, combined with summer drought periods, which mainly limit growth of adults, explain the eastern distribution boundary of Digitalis purpurea.
Introduction
Numerous approaches have been made to predict the geographical range of species from climatic data (Dahl 1951 (Dahl , 1998 Jäger 1972 Jäger , 1990 Jäger , 1992 Meusel & Jäger 1989 ; Box et al. 1993; Holten 1993; Huntley et al. 1995 ; Shao & Halpin 1995; Saetersdal & Birks 1997 ; Hoffmann 2001) . Overlaying species distribution maps and climatic maps is frequently used for this purpose but has the drawback of relying on correlation techniques. The resulting relationships provide hypotheses which may be tested in subsequent experiments with the objective of transforming correlations into causal explanations (Bruelheide 1999) . Several attempts of quantifying climatic control mechanisms have shown that simple correlations may have a complex causal basis. For example, Huntley et al. (1995) interpreted the northern range boundary of Tilia cordata as coinciding with the line of 1000 degree days above a threshold of 5°C, indicating the need for a minimum length of vegetation period. The underlying cause are probably low summer temperatures, which do not allow an adequate pollen tube growth rate, thus resulting in wilting of the flower before fertilization is achieved (Pigott & 0367-2530/02/197/06-475 $ 15 Huntley 1978 Huntley , 1980 Huntley , 1981 . Consequently, the tree produces no fertile seeds at its northern distribution boundary (Pigott 1981) . Climatic control can even be more complicated when interactions with other species are involved (Davis et al. 1998) , as for example in Arnica montana, whose lower altitudinal distribution is probably limited by increased slug herbivory at low elevations , 2001 .
Plants exhibiting very simple distributional relationships in Europe seem to be oceanic species, because eastern distribution boundaries are thought to be caused by frost damage. Good correlations with January isotherms have been reported for many oceanic species, e.g. Erica vagans (+1°C, Huntley et al. 1995) , Ilex aquifolium (0°C, Iversen 1944) , Digitalis purpurea (-3°C, Holmboe 1925; Holten 1993) and Quercus petraea (-4°C, Dahl 1998) . Frost hardiness determined under laboratory conditions was shown to be within the range of minimum temperatures observed at the range boundary (Larcher 1954; Till 1956; Kappen 1964; Polwart 1970 cited after Bannister 1976 Callauch 1986) . However, such correspondence is still no guarantee for a causal relationship, because other interfering factors may be involved under field conditions. For example, Schulz & Bruelheide (1999) demonstrated that frost damage to Euphorbia amygdaloides observed at the species' eastern limit in Central Germany was not related to the minimum air temperatures measured along a transect across the distribution boundary, but to the snow cover that decreased to the east.
In this study we have investigated another oceanic species, Digitalis purpurea, whose eastern distribution boundary runs through Germany. One problem with experimental work on geographical ranges is that the natural response of the species outside its natural range cannot be investigated in the field. Therefore, we set up a transplantation experiment (Woodward 1990; Holten 1993; Bruelheide 1999) across the eastern range boundary. Since the underlying macroclimatic gradient can be strongly modified by relief (Geiger 1965) , by vegetation structure (Stoutesdijk & Barkman 1992) and -especially important in the context of frost damage -by snow cover (Sturges 1989; Schulz & Bruelheide 1999) , the microclimate experienced by the plant can differ considerably from the macroclimate. The microclimate may even differ between different parts of the plant (Körner & Larcher 1988) . Our first objective, therefore, was to determine whether the microclimate experienced by the leaves on the ground conformed to a gradient. Although the main focus of the work was the west-east gradient, an additional altitudinal transect was established since many subatlantic species prefer increasingly montane elevations towards their distribution boundaries (Meusel 1943) . Furthermore, the proximity of the Harz Mountains offered supplemental experimental options with a much steeper climatic gradient than along the west-east transect.
The second objective was to determine whether age-specific response differences exist in Digitalis purpurea, as numerous papers have asserted that climate is only effective at a specific stage in the life cycle of a plant (Woodward & Williams 1987; Grace 1987) .
With respect to the assumed frost sensitivity, the third objective was to quantify the plant's frost hardiness both under laboratory conditions and by monitoring the plants along the field transects. Along the altitudinal transect the decrease in ground temperature with increasing elevation is distorted by an increase in snow cover. Consequently, a purely observational approach was considered to be insufficient. Therefore, we additionally included a manipulative field experiment by manually reducing the snow cover on a fraction of the test plants along the altitudinal transect.
Our fourth objective was to consider alternative parameters that could limit the geographic range, i.e. factors other than winter temperatures. In Central Germany, the gradient of increasing summer temperatures from west to east is combined with a gradient of decreasing precipitation. Therefore, it is equally possible that the climatic conditions in summer may contribute to the distribution limits of Digitalis purpurea, in which case the most probable factor would be summer drought. The drought impact was investigated by a further manipulative field experiment in which some transplanted individuals were watered regularly.
Materials and methods

Study species
Digitalis purpurea L. is a biennial plant with an overwintering rosette in the first year and an inflorescence in the following one. However, under unfavorable conditions plants may remain in the rosette stadium for two or three years before flowering. Similarly, plants may occasionally survive for one or two additional years after flowering. In general, the shoots die after flowering and winter-survival is a crucial factor for generative propagation. An average plant may produce more than 70000 seeds (Salisbury 1942 ). Due to their low weight of 0.07 mg the seeds are dispersed by wind (Grime et al. 1988) . In seed scatter experiments dispersal distances exceeded 5.5 m when wind velocity was greater than 3.9 m s -1 at a dispersal height of 1.5 m or greater than 7.5 m s -1 at at 1.0 m (unpublished observations). The species has a persistent seed bank (van Baalen & Prins 1983) , which uncouples population development from the generative success in a specific year to some extent.
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477 Fig. 1 . Distribution range of Digitalis purpurea (modified after Meusel et al. 1978) . The inset shows the location of the experimental plots (C1 to C5 in continental direction and A1 to A4 at ascending elevation); mountain areas are shaded in grey.
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The species occurs primarily on acidic substrates of low pH with soil types ranging between well-developed cambisols to podzols. It is a characteristic floristic element of clear-cut forests in the subatlantic part of Europe and is absent in the continental parts (Fig. 1) . The restriction of the species' range to areas in Europe with mild winters has been recognized early by Holmboe (Holmboe 1925 (Holmboe , 1927 (Holmboe , 1928 Lagerberg & Holmboe 1937) . D. purpurea extended its range into subcontinental areas over the last century (Meusel 1954) . In Germany, despite suitable soil conditions and availability of clearcuttings the species becomes increasingly less abundant from west to east (Werner 1964) . In the lowlands of eastern Germany Digitalis purpurea is considered to be only a synanthropic species (Benkert et al. 1998) (Fig. 1) . Because of unsteady occurrences in east Germany and Poland the species is considered a ephemerophyte. In the investigational area Digitalis purpurea is probably a neophyte (Jäger personal communication) . For example, the species was not mentioned by Johannes Thal (1588) in his famous floristic inventory of the Harz Mountains. The first record was by Royer (1651).
Field sites
A sandstone mountain ridge running from WNW to ESE parallel to, and north of, the Hainleite Mountains in southern Lower Saxony and Thuringia provided a suitable study area for setting up a transplantation experiment across the distribution boundary. The region is well-known for having distribution boundaries of subatlantic species such as Digitalis purpurea, Euphorbia amygdaloides, Polygonatum verticillatum and Festuca altissima. In continental direction from west to east, five field sites were established at 20 km intervals (C1 to C5, Fig. 1 ). The altitude along this transect varied only between 250 m and 305 m a.s.l. Furthermore, an altitudinal transect was set up in the western part of the Harz Mountains. Four field sites (A1 to A4 at ascending elevation) were located at 3 km intervals, differing in altitude by approximately 300 m each (Fig. 1) . Altitude ranged from 380 m a.s.l. at Bad Lauterberg (A1) to 1130 m at Mt. Brocken (A4). In general, all sites exhibited a southern aspect and an inclination of between 2°a nd 5°and were established on clear-cuttings that were at least 2 years old, except for Mt. Brocken, which is covered by a natural grassland community above the treeline. Specimens of D. purpurea were found growing naturally at all sites, except for A4 and C4. The treeless sites (nearest trees at least 10 m distance from the plot) provided no shelter from frost damage. The geological substrate of the west-east transect was sandstone (Mittlerer Buntsandstein, sm). The soil type was a loamy dystric cambisol (pH KCl between 3.1-5.6 and 3.0-3.6 for A h and B v , respectively) with weak podzolization at C4 and C5. The soil type of A1 and A2 on the altitudinal transect was also a loamy dystric cambisol on greywacke; A3 and A4 were located on podzols on granite with a mor horizon of ca. 8 cm (pH KCl between 2.8-3.5 and 3.0-4.5 for O h and A eh /B v , respectively).
At each site an area of 2 m × 2 m was fenced and planted with 24 D. purpurea individuals. The plants were sown of seeds from one plant collected on 24/04/1996 at 450 m a.s.l. in the eastern part of the Harz Mountains. Plants were sown in trays on 08/05/1996 in a sand/humus/peat mixture (pH KCl 5.0) and kept in the Botanical Garden Göttingen until transplanting on 26/09 and 09/10/1996 to the sites of the west-east and altitudinal transect, respectively. Planting was performed without pots and by mixing growth medium with the local topsoil.
Half of the planted individuals (12 per site) were experimentally treated with snow reduction during the winter and additional watering during the summer while the other half (12 per site) served as a control. For reduction of snow cover (only at A1 to A4 along the altitudinal transect), snow was brushed away after heavy snowfall events by sliding a shovel over some fixed wooden boards which limited snow cover to 8 cm. This was done on several occasions (A1: 23/01/1997; A2 and A3: 19/12/1996, 06/01/1997, 23/01, 27/02, 10/03; A4 : 26/12/1996, 23/01/1997, 10/03, 21/04) . Due to lack of snow cover along the west-east transect there was no such treatment at C1 to C5. Irrigation during the summer was applied at all field sites. Quantitiy of irrigation was always sufficient to raise the water content of the uppermost 10 cm of soil to field capacity. Watering dates and quantity (mm precipitation) were the same for A1 to A4 with 11/06 (8 mm To test germination and seedling survival 10 pots (10×10×14 cm) were buried within the fenced area of the plot each containing 20 D. purpurea seeds in a sand/humus/peat mixture (pH KCl 5.0); only the uppermost centimeter of the pot edge extended groundlevel avoiding seeds being washed-out.
On 26/09 and 09/10/1996 in the west-east and the altitudinal transect, respectively, micrometeorological measurement devices were installed at each site. Precipitation measurements during the winter were performed with a resealable 10 l-bucket to collect the snow; the water volume was subsequently determined in the laboratory. Evaporation during this period was found to be negligible. During the summer, standard rain funnels were installed at a height of 1 m above ground level, they were connected to a 500 ml reservoir buried in the soil. Precipitation data for A4 were obtained from the weather station (Deutscher Wetterdienst 1996 /1997 that was located at a distance of 50 m from the plot. Temperature was measured under the rosettes of one randomly chosen transplanted individual at each site with thermistor probes (Tinytag-Temp, Miniature Temperature Logger, Orion Components Ltd.). The sensors were covered with soil except for 1 cm of the tip that was shaded only by a leaf. Strictly speaking, the temperatures referred to air temperature between soil and rosettes. Measurements were taken every 72 min, resulting in 20 values a day.
Biometric measurements
Biometric measurements were made at intervals of ca. 28 days. The growth of the transplanted individuals was recorded by counting the number of healthy, partially damaged and dead leaves and by measuring rosette height and diameter. The rela-
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479 tive growth rate (RGR) and leaf number for subsequent dates t n , t n+1 was calculated according to Hunt (1989) . During the investigation period no flowering of the transplanted individuals occurred on either the west-east or the altitudinal transect. In the seed experiment the germination rate of the seeds, seedling survival rate and growth rates were recorded.
Photosynthesis measurements
Photosynthesis was measured once during the period from 26/09 to 01/10/1997 on four of the untreated transplants per site along the altitudinal transect (except for A4 where only 2 plants survived), using a compact minicuvette system (CMS 400, Walz). Individuals at each site were transplanted into pots (16×16×16 cm) and their assimilation rate was measured in the laboratory on the following day. Preliminary experiments were performed one week earlier using individuals taken from a natural population of 1-year-old plants adjacent to A2. These individuals showed a comparatively low light compensation I k of 18-20 µE m -2 s -1 and an extrapolated light saturation of 850 µE m -2 s -1
. The highest net assimilation rates (A max ) were observed on the fifth youngest leaf. Thus, the measurements on the field site plants for determination of the optimum temperature (T opt ) and A max were carried out with the fifth youngest leaf at approximately 70% light saturation at 580 (µE m -2 s -1
) and at ambient CO 2 -concentration.
Frost tolerance
Frost sensitivity was investigated by using the electrolyte leakage method according to Murray et al. (1989) with increased conductivity being a measure of tissue damage. The experiment was carried out at the end of April on 1-year-old individuals taken from one population close to A2. The plants were put in pots and transferred to a freeze chamber after two days. Twelve plants each were randomly exposed either to a nonfreezing control temperature (+4°C) or to -0.1, -3, -6, -9, -12, -15 and -18°C, respectively. Each temperature level lasted for two hours, with a cooling-down period of one hour between levels (n.b. -18°C was reached during the early morning hours). Comparable plant material, separated into leaf, root and bud tissue on the day after treatment, was placed in test tubes with demineralized water and 3% propanol. The electrical conductivity of the solution was measured (LF 2000, WTW) at the beginning (C 0 ) and then regularly over a period of about 4 days (C t ). The solution's conductivity after being boiled for 20 minutes (C boiled ) was used as reference. Each relative conductivity (RC) time series was fitted using an exponential function (1) RC = (C t -C 0 )/( C boiled -C 0 ) = 1 -e -k*t (SAS 6.02 : proc reg, SAS Institute 1987). The resulting parameter k increases with the rate of electrolyte leakage and can therefore be evaluated as a measure of frost damage. To control for insulating effects and the effect of temperature increase resulting from crystallization of soil water, the soil temperature was monitored in one of the pots.
Transpiration measurements
Transpiration was measured for three transplanted control individuals and three irrigated individuals in two campaigns (07/07-11/07/1997 and 11/09-18/09/1997) at the sites along the west-east transect (except for C3), using a steady stateporometer (LI-COR, LI-1600). Transpiration of the sixth youngest leaf was measured at about 60 min intervals over an approximately seven hour period. PAR and leaf temperature were also recorded at each measurement. Identical leaves were used in the two measurement periods. For each period the transpiration data (Tr) were transformed to transpiration per hour and a mean daily transpiration (Tr D ) (gH 2 O cm -2 h -1
) was calculated by adding all transpiration values for one day and dividing them by seven hours.
Statistical analysis
All statistics were performed using SAS 6.02. Tests of departure from the Gaussian distribution were made according to Shapiro Wilk (using proc univariate, SAS Institute 1988) at a significance level of α = 0.05. The normally distributed parameters were tested by ANOVA with subsequent single comparsions after Scheffé (proc glm, SAS Institute 1987). For non-parametrical analysis, tests of sum of ranks were performed according to the Kruskal-Wallis method (proc npar1way, SAS Institute 1987) following manual calculation of single comparisons according to the Schaich-Hamerle test (after Bortz et al. 1990 ). In the frost damage experiment the α-values were corrected according to Bonferoni by dividing by the number of pairwise comparisons made in the analysis. Fig. 2 shows the monthly mean temperature measured directly below the leaf rosettes for the four field sites along the altitudinal transect together with the data from the official weather stations nearest to A3 (Braunlage, 3 km from A3) and A4 (Mt. Brocken, 30 m from A4). The rosette temperatures followed the altitudinal gradient and decreased from A1 at lowest to A4 at highest elevation. The daily mean temperatures were significantly different between at least two of the four field sites in almost all months (according to the Kruskal-Wallis test with subsequent Schaich-Hamerle test). A4 always showed the lowest values until February 1997. In March, no significant differences between sites were observed. From May onwards, A3 exhibited significantly the lowest daily mean temperatures, because of a failure of the data loggers at A4. The absolute minimum temperatures recorded during the whole observation period differed only slightly between field stations (Table 1) cumulative temperatures below 0°C nor for the number of frost days (Table 1 ). The last frost event was observed on the same date (24/04) at all sites except A4. The only parameter related to altitude was the amount of precipitation (Table 1) .
Results
Climatic conditions
The snow reduction treatment from December 1996 to February 1997 resulted in significantly lower mean, minimum or maximum temperatures at A1, A2 and A4 (Table 2) . Contrary to expectations, A3 showed the converse pattern with significantly higher temperatures when snow cover was reduced. This was probably due to the strong winds that resulted in uncontrolled reduction of snow cover also for the non-treated plants. From March to April, a period in which continuous measurements could be obtained only for A2 and A4, the treatment effect was even larger. In this period the reduction of the snow cover promoted snow melting at A2, indicated by higher maximum temperatures below the treated rosettes (Table 2) .
The air temperatures measured at the weather station in Braunlage had almost identical values to the rosette temperatures at A3 in this period, but were lower in winter. This was confirmed by regression analysis for A3 between the temperatures recorded at the leaf (T ros ) and those recorded at 2 m above ground at the weather station in Braunlage (T WS , Deutscher Wetterdienst 1996/1997) between April and October 1997 (T ros = 0.8681 * T WS + 1.8716; r 2 = 0.883, n = 184, p < 0.001). On average, the leaf temperature in this period was 0.34 K higher than the air temperature recorded at the weather station in Braunlage. Given the good match between rosette temperatures and leaf temperatures at A3, it seems justified to complement the missing summer data at A4 with data of the weather station at Mt. Brocken (Fig. 2) . In contrast, the temperatures below the rosettes were almost unrelated to air temperatures at 2 m between December 1996 and March 1997 (T ros = 0.1777 * T WS + 0.9711; r 2 = 0.224, n = 107, p < 0.001), due to insulation of the rosette by snow for extended periods in winter. A continuous snow cover was recorded at A4 from December 1996 to 03/03/1997 and from 19/03/1997 to 14/04/1997, and at A3 from December 1996 to 21/02/1997 and from 19/03/1997 to 26/03/97. In those periods the rosette temperatures were always found to be just below 0°C. For example, the mean January temperatures differed only between -0.3°C (A3) to -2.0°C (A4).
The monthly mean temperatures for the west-east transect (from C1 in the west to C5 in the east) are given in Fig. 3 . Göttingen and Artern were the nearest western and eastern weather stations to the transect's westernmost and easternmost ends with distances of 8 km and 12 km to C1 and C5, respectively. Between Göttingen Table 1 . Climatic parameters recorded at all field sites during the whole observation period (Dec. 1996 to Oct. 1997) along the altitudinal (A1-A4) and continental (C1-C5) transect: absolute minimum temperature [°C] , cumulated temperature below 0°C [degree days], number of frost days, date of last frost event and precipitation [mm] . Climatic data of A4 were complemented according to Deutscher Wetterdienst (1996 Wetterdienst ( /1997 and Artern the long-term annual mean temperature rose by 0.8°C and the annual precipitation declined by 170 mm. With the exception of C1, which had the highest temperatures from February to April, a microclimatic gradient was also confirmed for the west-east transect with significantly highest daily mean temperatures at C5 during the entire observation period compared to C2 or C3 with lowest values (significant according to the Schaich-Hamerle test). From May onwards the sites showed almost continuously increasing daily mean temperatures from west to east. The abnormal high daily mean temperatures of C1 in winter, which were accompanied by the lowest observed daily minimum temperature (-9.2°C on 28/12/1996, Table 1 ) were due to a dieback of rosette leaves at the end of December 1996. The visual assessment in January showed that most leaves had turned brown and thus no longer provided sufficient insulation protection for the sensors leaving them partly exposed to direct sunlight from February to March. Similar to the altitudinal transect, the absolute minimum temperatures of the other field stations varied only moderately (Table 1 ). The temperature sums below 0°C did not reflect the west-east gradient, neither did the number of frost days or the amount of precipitation (Table 1 ). The easternmost site was characterized by exceptionally late frosts. Whereas the last frost for C1 to C4 was encountered on 24/04, several frosts were recorded at C5 in May (Table 1 ). The last frost that occurred on 31/05 at C5 with -2.8°C was comparatively severe.
Germination and seedling survival
Germination in the germination experiment occurred almost exclusively in October and November 1996. The germination rate until November 1996 was around 50% with no difference between altitudes (Fig. 4) . Only single germination events were observed in spring 1997. The seedling survival along the altitudinal transect was characterized by a distinct mortality directly after the winter on the first observation date (4/03/1997 for A1 to A3, 10/03/1997 for A4). The survival rate after the winter corresponded to the elevational gradient, exemplified in Fig. 5 , where the survival rate in March is plotted against February mean temperatures below the rosettes, the month preceding the sampling date. However, neither absolute minimum nor absolute maximum temperatures reflected the gradient in survival rate (Fig. 5) . Nor was seedling survival related to other temperature derivatives, such as number of frost days, date of last frost or degree days below 0°C. On 11/06/1997 no seedling was left at A4 (Fig. 4) . On the last recording date A2 and A3 had a survival rate of 1.5% and A1 of 11.5%. A pattern similar to that of the survival rates was also encountered for the growth rates of the surviving seedlings. On 07/10/1997 the average 
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483 leaf number at A1 was 16.1 with a rosette diameter of 35.3 cm (n = 23); whereas at A2 and A3 the leaf number were 8.7 and 6.3 (n = 3) and the diameters 6.2 cm and 9.5 cm (n = 3), respectively. Along the west-east transect most seeds also germinated by the end of November 1996 (Fig. 6) . However, contrary to findings of the altitudinal transect, some seeds also germinated in April and May 1997. The seedlings started to die in April and the survival rate reflected the west-east gradient with lowest survival in the east and highest survival in the west. Even though survival rates in March showed again a relationship to the mean temperature in February, but not to the absolute minimum or maximum temperatures in February (Fig. 7) , in late spring there was no relation to either temperatures in March or April nor to the accumulated temperatures below 0°C or to the number of frost days. On the last observation date the survival rates were 5.5% at C1 and 1.5% at C2, C3 and C4; no seedlings were found at C5. The sequence of sites for survival corresponded to the number and size of leaves of the surviving seedlings. On l6/10/1997 the average leaf number was 11.0 (C1, n = 11), 5.4 (C2, n = 3), 5.2 (C3, n = 3) and 6.3 (C4, n = 3). The rosette diameters were 19.5 cm, 5.0 cm, 5.2 cm and 3.3 cm, respectively.
Survival and growth of transplants along the altitudinal transect
Although survival rates of the 1-year-old transplants after winter was lowest at A4 (17%) for the individuals without snow reduction there was no altitudinal trend. Survival rates were 100% at A2 and A3 but only 50% at A1. None of the recorded growth parameters of 1-yearold plants along the altitudinal gradient revealed significant differences before April 1997 (Fig. 8) . On 13/05/1997 leaf number of untreated plants varied significantly between 1.0 at A4 and 4.2 at A2 and by the end of the observation period on 07/10/1997 had decreased with increasing altitude and was 10.3, 10.3, 9.4 and 3.5 for untreated plants at A1, A2, A3 and A4, respectively.
The RGR showed similar patterns as the absolute number of leaves with decreasing values with increasing altitude for most observation intervals (data not shown) and corresponded to results of photosynthesis measurements (Table 3 ). The maximum net assimilation rate (A max ) at maximum available artificial PAR (580 µE m -2 s -1 ) and ambient CO 2 concentration (350 µl l -1 ) declined with increasing elevation. At A4, leaves attained only 53% of A max at A1. The temperature optimum of net assimilation (T opt ) displayed a less clear pattern with decreasing values from A2 to A4 but unexpectedly with the lowest value at A1. Whereas A max was related both to the mean and the absolute maximum temperature in September 1997, which was the month preceding the date of photosynthesis measurement, T opt was related to the minimum temperatures (Table 3) . The minima at all plots were encountered on the same date (20/09/1997), one week before the measurements started.
Although the treatment of snow reduction along the altitudinal transect had caused lower temperatures that were experienced by the 1-year-old transplants (compare Table 2 ), no effects on survival or growth were found. At A1 with a survival rate of 75% for treated plants, the survival was even higher than for untreated plants (50%). Similarly, the treatment of additional irri- (Fig. 8) .
The lack of effect of snow reduction is in accordance with the frost tolerance experiment in April (Fig. 9) . In comparison to the control, leaves were the most frost sensitive tissues with significant frost damage occuring at -12°C or below, whereas the buds were not damaged above -15°C and roots showed the highest frost resistance with significant damage only at -18°C. The insulating effect of the surrounding soil in the pots and the increase in soil temperature due to crystallization energy of soil water was only apparent for the levels -3°C and -6°C. At -9°C or below, soil water was frozen and thus chamber temperatures were fully experienced by the roots.
Survival and growth of transplants along the continental transect
The survival rate of the 1-year-old plants was 100% at all sites along the west-east transect until 10/06/1997. Nevertheless, in the middle of March a considerable physiognomic frost damage was observed for the plants at all sites along the west-east transect. Most of the transplants survived and at the end of the observation period the survival rates were 92% at C1, 60% at C2, 100% at C3 and C4, 75% at C5. The growth at C2 was exceptionally poor (Fig. 10) , due to a thunderstorm with heavy rains during early June. Water running downhill through the plot uprooted plants and subsequently damaged their roots. Therefore, the results of C2 will not be considered below. The growth parameters of 1-yearold plants exhibited only a tentative gradient (Fig. 10) . After the winter on 15/05/1997 the leaf number at C3 (5.9 leaves) was significantly highest in comparison to C1, C4 and C5 with 4.2, 4.0 and 3.6 leaves, respectively (significant according to the Schaich-Hamerle test). The RGR for the preceeding 4 weeks (14/04-15/05) was lowest at C5, which was related to the lowest observed absolute minimum temperature (-5.6°C) along the west-east transect in this interval (Fig. 11 a) . At the end of the observation period on 06/10/1997, C5 and C4 with 6.4 and 4.6 leaves differed significantly from C1 with 12.7 leaves. In contrast to the spring period, the RGR in summer was about the same for all sites (approximately 0.01 d -1 ) with a much smaller standard deviation, except for C2 with a negative RGR for the reasons mentioned above (Fig. 11b) .
The plants that had received additional water in summer showed a significantly higher leaf number at all sites except for C1 (Fig. 10) . The treatment effect was significant for all other sites from the beginning of July onwards for the absolute number of leaves as well as for the RGR (significant according to the Schaich-Hamerle test).
The results of the transpiration measurements in summer 1997 are summarized in Table 4 . The average amount of transpired water by non-irrigated plants over the daily measuring time of 7 h was significantly highest at C5 for both recording campaigns (run 1 and 2) in comparison to all other sites; they were almost three times higher than at C2 in the first campaign and 60% higher in the second one. However, the low values for C2 are probably due to the thunderstorm mentioned above. With additional irrigation, the transpiration rates were higher but the differences between sites remained unchanged. The comparison of watered and untreated plants within one plot showed a significant treatment effect only for the easternmost C5. Averaged over the two campaigns, irrigation enhanced transpiration by about 50%. Fig. 9 . Frost damage as measured by electrolyte leakage. Shown are average k values (*1000) (± SD) (n = 12). * indicates significant differences between a certain treatment compared to the control (+3°C) according to the Kruskal-Wallis with Bonferoni correction. 
Discussion
The first assumption that the leaf temperatures would follow both the altitudinal and the west-east gradient proved to be valid. This clearly indicates that the topological features of the selected sites and the measurement conditions were so uniform that they did not interfere with the relationship between macro-and microclimate ; the only exception were sensors that were insufficiently insulated because their leaf cover had died back. As expected, the microclimate below the rosette leaves was much less extreme than at a height of 2 m because of greater energy flows at ground level (Geiger 1965; Stoutesdijk & Barkman 1992) . In comparison to other studies, the small deviation of 0.34 K between microclimate and macroclimate is remarkable. For example, Schulz & Bruelheide (1999) found the minimum air temperature at growth sites of Euphorbia Fig. 11 . Relative growth rate of the number of green leaves from 14/04 to 15/05 along the west-east transect against the absolute minimum temperature in April (a), and from 10/06 to 08/08 against the mean temperature from June to August (b). RGR values are averages (± SD) for n = 12 plants per site. Table 4 . Transpiration averaged over a 7-hr period at four field sites along the west-east transect obtained during two different periods (run 1= 07/07/97-11/07/97; run 2 = 11/09/97-18/09/97). Values are averages ± SD for leaves of n = 3 different plants (except C2 in run 1, n = 2). Different letters indicate statistically significant differences between sites according to ANOVA with subsequent Scheffé test. For the evaluation of the treatment effect the two runs have been pooled (n = 6; except for C2, n = 5). Asterisks indicate statistically significant differences between treatments according to ANOVA. amygdaloides (measured at a height of 0.3 m above the forest floor) to differ by 3.3 K compared to the nearest official weather station (measured at a height of 2 m above a lawn). Along a 100 km transect in calcareous grasslands running parallel to our west-east transect, Jandt (1998) found the air and soil temperatures of uniformly southern sloped sites to be more dependent on vegetation structure than on the macroclimatic gradient. Growth of transplanted individuals, and even more clearly, the survival of seedlings also displayed a clear altitudinal and a west-east gradient. Seedling death along the altitudinal transect was mainly observed in winter. Such low winter survival of Digitalis purpurea has already been observed in other studies (Woodward & Jones 1984) . Although this should be a clear indication of frost sensitivity, no satisfying correlation with absolute minimum temperatures was found. Consequently, no single factor was responsible for low survival but parameters other than winter temperature likely influenced seedling survival. Since the experimental design was identical in all plots, the following factors, which are well-known for their strong influence, can be ruled out as unimportant : neighbour effects (Grubb 1977 ; Ryser 1993) , vegetation structure (Schenkeveld & Verkaar 1984; De Jong & Klinkhamer 1988 ; Fischer & Matthies 1998) or size of microsites (Oomes & Elberse 1976) . Another parameter to be considered on the altitudinal transect was wind. Mt. Brocken is known to have the highest mean wind velocity measured in Germany (Deutscher Wetterdienst 1996 /1997 . In a horizontal profile wind speed decreases exponentially towards the ground surface (Grace 1977 ; Stoutesdijk & Barkman 1992) . Although strong wind will probably not inflict direct mechanical damage to seedlings it may change the microclimatic conditions considerably. Apart from removing the snow cover and thus exposing plants, wind increases transpiration and enhances the risk of frost drought (Wilson 1959 ; Larcher 1963; Sakai 1983) . Since the summer observations along the west-east transect have revealed a drought sensitivity of Digitalis seedlings, they should be equally susceptible to desiccation conditions in winter, when the soil is frozen but the plant suffers from water loss by transpiration. However, this interpretation is speculative because the seedlings were not monitored daily. In the following vegetation period, the growth of transplanted 1-year-old individuals was related to the temperatures along the altitudinal transect and, to a minor degree, along the west-east transect. Hence, the negative RGR from April to May at the easternmost site coincided with a low minimum temperature. In general, satisfactory correlations of growth rates with temperatures are rarely found in field studies because many factors may interfere with temperature (Bruelheide 1999) , or because growth rates of certain species vary only moderately with temperature, as was shown for the montane species Meum athamanticum (Bruelheide & Lieberum 2000) and Sedum rosea (Woodward 1975) . Although Digitalis purpurea exhibited a clear growth-temperature relationship, this response was not very pronounced in comparison to other species. For example, Woodward & Pigott (1975) demonstrated for Sedum telephium that a difference in mean temperature of 2.3 K between sites resulted in a two times higher dry weight at 150 m compared to 490 m a.s.l. over a period of 43 days in June/July. In comparison, the leaf number of Digitalis purpurea on 03/07/1997 was only 32% higher at A2 (630 m) compared to A3 (900 m) with a difference of 3.2 K in June mean temperature.
Growth differences between altitudes were reflected in differences between the temperature optima of net assimilation (T opt ). Consequently, decreasing growth rates with decreasing temperatures are not only explained by a generally diminished metabolic rate but also partly due to acclimation. The shift of T opt in direction of the prevailing temperatures is a well-known phenomenon (Billings & Mooney 1968; Smith & Hadley 1974; Graves & Taylor 1988; Friend & Woodward 1992) . However, pure acclimation does not explain the low T opt at A1. As indicated by the relation between T opt and observed minimum temperatures, frosts or even low temperatures above 0°C might additionally have affected photosynthesis (Larcher & Bauer 1981) . Damage to the photosynthetic system would also explain the decreasing maximum net assimilation rate (A max ) with increasing altitude. The opposite was expected (e.g. Mächler & Nösberger 1977) , because leaf expansion is less reduced by low temperatures than the production of photosynthetic system; this results in a higher ratio of mesophyll to leaf surface area (Friend & Woodward 1992) . There are also studies in population biology that emphasize the detrimental effects of low temperatures. For example, Hunt et al. (1985) found that cold nights, even with values well above 0°C, drastically diminished the growth of Pyrola rotundifolia in a British dune area.
With respect to the second objective of the study, seedlings proved to be much more sensitive to the environmental conditions than adult plants. The survival and growth rates of seedlings was more clearly related to environmental gradients than the ones of the 1-year-old plants. With regard to winter survival, averaged over all field sites, the seedling stage is about four times more at risk than the adult stage. The greater sensitivity of seedlings is completely in accordance with other studies (Larcher & Bauer 1981; Woodward & Williams 1987; Grace 1987) . Besides survival rates, growth parameters of the 1-year-old plants were almost unresponsive to the winter conditions, apart from frost impacts in April at the easternmost site. In contrast, the growth of 1-year-old plants responded clearly to the irri-gation along the west-east transect. This is an indication that climate acted differently on the two investigated age stages.
The third objective, the determination of frost hardiness in the laboratory and the comparison to observed survival after the winter in the field, gave consistent results. Although the leaves, buds and roots displayed clear differences in frost hardiness, only leaf values were in accordance with Till (1956) . Since the frost hardiness experiments were carried out in early spring, a possible dehardening of the plants cannot be ruled out (Till 1956; Kappen 1964; Larcher & Bauer 1981) . The observed frost tolerance of the leaves of -9°C was sufficient to survive the lowest temperatures of -5.8°C that were measured at the rosettes of the 1-year-old plants (except for C1 with an absolute minimum of -9.2°C due to failing sensor cover resulting from lacking leaves). The comparably high temperatures below the rosettes are in accordance with the data from weather stations. For example, air temperatures at a height of 2 m exceeding -9°C were measured in the investigational period from December 1996 until September 1997 at the weather stations of Göttingen, Artern and Braunlage on 20, 19 and 22 days, respectively (Deutscher Wetterdienst 1996 /1997 . However, all those events coincided with a snow cover of more than 0.5 cm recorded for that specific day at the weather station (Deutscher Wetterdienst 1996 /1997 . This is another confirmation for the importance of snow cover for explaining range boundaries. Snow cover of more than 20 cm prevents soil surface temperatures from dropping below -5°C (Sakai & Larcher 1987 ) and a similar insulating effect was also confirmed in this study. Consequently, the measurements taken below the rosettes have been much more relevant for the plants than air temperature values recorded at weather stations at standard heights. The importance of snow in the context of range boundaries was also emphasized by Woodward (1997) , who found that young Verbena officinalis survived better in the field than expected from frost chamber experiments because of snow cover. In a study on the eastern distribution limit of Euphorbia amygdaloides, the leaves of individuals protected by a shallow snow cover suffered only a third of the frost damage experienced by unprotected leaves (Schulz & Bruelheide 1999) .
The moderate minimum temperatures below the rosettes do not imply that Digitalis plants are not at risk to frost in general. On the one hand, although the frost temperatures recorded below the rosettes might always have been above the lethal threshold in the investigational period, they probably had a cumulative effect in weakening the plant (which could not be simulated in the frost chambers) and finally resulted in the observed reduced growth and survival of seedlings of Digitalis pupurea. On the other hand, a damage threshold of -9°C might be exceeded in some years when exceptionally cold winters coincide with a lacking snow cover. However, singular effects like those of a dry freeze without snow protection are only rarely directly observed in field experiments (Holten 1993) . Nevertheless, the principal importance of such frost events is unquestionable. For example, Eichler et al. (1927) were able to relate the absence of suboceanic-submediterranean species such as Ilex aquifolium, Tamus communis and Buxus sempervirens in Southwest Germany to the occurrence of exceptionally low absolute minima of air temperatures below -23°C.
Our fourth objective was to test summer drought conditions as an alternative factor to low temperature in damaging Digitalis plants. Despite highest temperature at the two easternmost sites C4 and C5 growth of the 1-year-old plants was lowest at these sites. This can be explained by an increasing vapor pressure deficit (vpd) with temperature. Obviously, Digitalis purpurea did not respond to the high vpd in the east with a reduction in transpiration because the highest transpiration rates of non-irrigated plants were measured in the east. Transpiration seems to have been excessive, since it was inversely related to growth of the transplants. A growth limitation due to water shortage along the continental gradient was also confirmed by the manipulative irrigation treatment. There was a clear response to watering, with a pronounced effect for the easternmost station outside the geographical range, but no correlation was observed along the altitudinal transect, where precipitation was abundant.
Remarkably, an increase in summer drought towards the east was neither confirmed by our own monthly precipitation measurement at the field stations (not reported here), nor by precipitation data of the nearest official weather station (Deutscher Wetterdienst 1996 / 1997 . In contrast, the summer rains in 1997 showed increasing values from west to east. Despite the higher amount of precipitation, the plants at the eastern sites probably suffered from more severe water stress because rainfall occurred infrequently in localized, heavy thunderstorms; whereas at the western sites the precipitation events were more scattered.
Conclusion
Neither winter temperatures nor summer drought alone can be used to explain the distribution boundary of Digitalis purpurea in this study. The most probable cause for the eastern distribution boundary is a combination of low survival rate of seedlings in winter together with reduced growth of 1-year-old plants during summer. a predicted increase in Central European winter temperatures but also with increased droughts in summer (Beniston & Tol 1998) , the possible effects of expected climatic changes on Digitalis purpurea cannot be unequivocally predicted. From the results of this study we expect that with increasing summer drought Digitalis purpurea will secede from its eastern distribution boundary. However, such scenarios should be discussed with caution because of great uncertainties in climatic predictions (Beniston & Tol 1998) , unknown effects of biotic interactions (e.g. Fox et al. 1999 ) and a differential response of different genotypes (Fischer et al. 1997) .
